The effects of pressure and temperature on the energy (E op ) of the metal-to-metal charge transfer ( (where L 14 = 6-methyl-1,4,8,11-tetraazacyclotetradecan-6-amine) were examined. The changes in the redox potentials of the cobalt and iron metal centres with pressure and temperature were also examined and the results interpreted with Marcus-Hush theory. The observed redox reaction volumes can mainly be accounted for in terms of localised electrostriction effects. The shifts in E op due to both pressure and temperature were found to be less than the shifts in the energy difference ( 
Introduction
Dinuclear complexes containing metal centres with variable oxidation states are of interest from a practical and theoretical standpoint particularly when metal-to-metal charge transfer (MMCT) transitions are present.
1- 5 With a suitable choice of ligands and metal centres, these MMCT transitions fall in the visible region, opening up the possibility of reversible electrochromism by switching this transition through oxidation or reduction of one of the metal centres. The energy of the optical electron transfer transition (E op ) is related to the energy difference between the thermally equilibrated ground and excited states (DG • ) and the reorganisational energy k by the expression
3-7
E op = DG • + k(1)
DG
• can usually be approximated as the difference in the redox potentials of the donor and acceptor metal centres −nFDE • (where n = 1 for an MMCT process), and thus it follows from eqn. (1) , that tuning of the MMCT transition energy may be achieved by making modifications to the complex that alter the redox potentials of the metal centres involved. Our recent investigations of a series of complexes of the type [LCoNCM(CN) 5 ] − (where L is a pentaamine or triaminedithiaether macrocyclic ligand and M = Fe II or Ru II ) have illustrated this principle. We found that changing the size of the macrocyclic ring and its geometry of binding produced small variations in the MMCT energy, whereas larger shifts were observed upon changing the donor set of the macrocycle (from N 5 to N 3 S 2 ) or the MMCT donor metal unit.
8- 12 A good correlation of the MMCT energies of these complexes with DG
• was found within the experimental uncertainties involved; the correlation with changes to k are less pronounced. † Current address: Institute for Inorganic Chemistry, University of Erlangen-Nürnberg, Germany.
‡ Wilsmore Fellow at the University of Melbourne, Australia.
Having achieved tuning of the MMCT through structural changes, we turn now to investigate the influence of external parameters, namely pressure and temperature, on the MMCT energy and redox potentials of the complexes. Pressure and temperature are known to have considerable effects on the redox potentials of metal complexes, 13-21 and hence we were interested to see the influence that the pressure and temperature induced redox tuning had on the spectra of these complexes.
The application of high-pressure techniques is also able to yield useful information about reaction and activation volumes of chemical reactions.
16,22,23
For electron-transfer reactions, the cell reaction volume may be obtained by measuring the change in the redox potential with pressure, at constant temperature, according to the relationship given in eqn. (2) .
The observed reaction volume corresponds to the sum of the volume contributions of the reference and complex halfreactions (eqns. (3) and (4)).
(3)
By using a reference half-cell with known reaction volume, the redox reaction volume of the complex under investigation can be calculated. This volume change, DV complex , is made up of intrinsic (inner sphere) and electrostrictive (outer sphere) volume changes (eqn. (5)).
difference of the complex by applying pressure, which will in turn affect the energy of the MMCT transition. MMCT transitions in highly localised (Robin and Day Class II) 1 mixed valence complexes are also known to be affected by temperature.
20,21,24-26
This is mainly due to the temperature dependence of the redox potentials of the metal centres involved in the transition, which changes the energy difference (DG • ) between the ground and excited states.
In this work, we present the influence of pressure and temperature on the spectroscopy and electrochemistry of trans-and cis- [L 14 CoNCFe(CN) 5 ] − (L 14 = 6-methyl-1,4,8,11-tetraazacyclotetradecan-6-amine, see Chart 1). The redox reaction volumes of the complexes are evaluated in terms of the contributions from intrinsic and electrostrictive components and the influence of the cyano-bridge on the effective charge at the metal centres is discussed. The results are correlated with the effect of pressure and temperature on the energy (E op ) of the MMCT transition of the cyano-bridged complexes. Possible complications arising from different spin states of Co II are discussed. 5 ] was prepared as previously described.
9
All other reagents were obtained commercially. 
Electrochemistry
The experimental set-up for high-pressure electrochemistry has been previously described.
16 A 2-mm diameter glassy carbon electrode was employed for the working electrode and 2 mm platinum electrodes were used for the auxiliary and pseudoreference electrodes. A MacLab potentiostat and software (AD Instruments Pty Ltd) were used to record the cyclic voltammograms. Potassium ferrocyanide was added to the solutions under investigation to act as an internal reference since the molar volume change of ferrocyanide upon reduction has been previously studied.
14- 16 Solutions were made up in 0.1 M NaClO 4 electrolyte with ca. 3 mM concentrations of complex, and ca. 2 mM potassium ferrocyanide. Ideally, temperature-dependent electrochemistry should be carried out using a non-isothermal cell configuration in order to avoid errors introduced by the temperature dependence of the reference half-cell. 18 However, since we were primarily interested in the difference between potentials rather than absolute values, the experimental setup was simplified by using an isothermal cell. Ferrocyanide was added as an internal standard, allowing estimation of absolute values based on the temperature dependence of its redox couple.
17
Temperature dependent electrochemistry was performed using a BAS100B/W potentiostat with a 3 mm diameter glassy-carbon working electrode, a platinum-wire auxiliary electrode, and a silver/silver chloride reference electrode, with the temperature of the electrochemical cell adjusted by means of a circulating water jacket. A scan rate of 100 mV s −1 was used in all experiments. The average of the anodic and cathodic peaks was measured, which equates to the redox potential (E • ) assuming the diffusion coefficients of the oxidised and reduced forms of the couple are the same. 28 A typical cyclic voltammogram is shown in Fig. 1 . 
Electronic spectroscopy
The high-pressure spectra were recorded on a Shimadzu UV-2101 spectrophotometer, employing a homemade cell holder and pillbox cell as described previously. 29 Temperature dependent spectra were measured on a Perkin-Elmer Lambda 12 spectrophotometer, fitted with a Peltier temperature controller.
Crystallography
Cell constants were determined by a least-squares fit to the setting parameters of 25 independent reflections measured on an Enraf-Nonius CAD4 four-circle diffractometer employing graphite-monochromated Mo-Ka (0.71073 Å ) radiation and operating in x-2h Å scan mode. Data reduction and empirical absorption corrections (w-scans) were performed with the WinGX package. 30 The structure was solved by direct methods with SHELXS-97 and refined by full-matrix least-squares analysis with SHELXL-97. 31 The molecular plot was produced with ORTEP.
32 All non-hydrogen atoms were modelled using anisotropic thermal parameters. Alkyl and amine H-atoms were fixed at calculated positions. Water H-atoms were located from the difference map and constrained to a riding model in subsequent refinement. (1) •
CCDC reference number 263590. See http://www.rsc.org/suppdata/dt/b4/b418054b/ for crystallographic data in CIF or other electronic format. D a l t o n T r a n s . , 2 0 0 5 , 1 4 5 9 -1 4 6 7
Results and discussion

Optical measurements
The pressure and temperature dependent UV-visible spectra of trans and cis-[L 14 CoNCFe(CN) 5 ] − are shown in Figs. 4 and 5. The insets show the changes in the maxima of the MMCT bands, which display opposite trends with increasing pressure and temperature. With increasing pressure, the MMCT shifts to higher energy, with a slight decrease in band intensity, whereas with increasing temperature, the MMCT band shifts to lower energy and gains intensity.
The dependence of E op on pressure (∂E op /∂P) and temperature (∂E op /∂T) determined from the gradient of these plots is indicated in Table 2 Along with the decrease in the intensity of the MMCT band at ca. 500 nm with increasing pressure, the intensities of the bands assigned to the cobalt and iron 1 T 1g ← 1 A 1g transitions at ca. 430 and 320 nm, respectively, were observed to increase. It was unsure whether these intensity changes were related, so in order to further examine the intensity changes of the dd bands, the pressure dependent spectra of the isoelectronic Co III 5 ] − were found to increase with increasing temperature, while the d-d transition intensities showed minimal temperature dependence. This is opposite to the pressure effect.
Electrochemical measurements
The shift in the redox potentials (referenced to the ferro/ferricyanide internal reference) of the complexes transand cis- [L 14 CoNCFe(CN) 5 ] − with pressure is shown in Fig. 6 . The molar volume change for ferri/ferrocyanide reduction has been previously determined for a range of conditions.
14- 16 The volume changes for the working electrode reaction (DV complex ) were determined by subtracting DV ref (29 (4)). These results are collected in Table 3 and may be separated into contributions from intrinsic and electrostrictive effects.
14-16
The electrostrictive volume change for spherical charges depends on (Dz 2 /r), however, the estimation of effective radius for a metal complex is problematic 15 and it has recently been suggested 36 that apparent radii of some electro-active species in a range of non-aqueous solvents may be of little physical significance. So, given that the redox centres being reported here are of comparable size to those described previously, we have estimated DV electr at ionic strengths around 0.1 M using the empirically developed eqn. (6) that has proved useful in similar situations.
15,37
In eqn. (6) (Table 3) . This produces an estimated value of Dz 2 that corresponds to a change in effective charge of 2+/+ upon reduction of the Co III centre for the dinuclear complexes. The cobalt centres in the dinuclear complexes gain a negative charge from the bridging cyanide, Table 3 Values of reduction potentials and reaction volumes determined in this study which is complementary to the effects indicated above on the iron centre of these complexes. 10 which predicted a greater increase in Co-N bond lengths for the cis isomer upon reduction. The cis coordinated macrocycle, with its folded conformation, is better able to accommodate expansion of the cobalt ion upon reduction than the trans configuration, where the macrocycle encircles the metal and more effectively restricts coordinate bond expansion. This effect was seen previously during a study of the outer-sphere reduction of the isomeric cis-and trans-[CoL 14 Fig. 7 . Table 2 shows a comparison of the dependence on temperature and pressure of the redox isomer energy difference (converted to units of cm −1 ) and the MMCT energy. From the temperature dependence of the energy difference between the redox isomers, the entropy change DS et accompanying the thermally activated electron transfer reaction (eqn. (7)) may be evaluated (eqn. (8)).
[L 14 Co
The reaction entropies (DS et ) obtained in this way (Fig. 7 
These results show that the entropy change accompanying the thermally activated electron transfer reaction (eqn. (7)) is dominated by the contribution from the cyanoferrate centre (eqn. (10)). This arises from electrostatic and specific solutesolvent interactions with the iron moiety, which are stronger in the higher charged reduced state, leading to lowering of the entropy upon reduction.
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Comparison of optical and electrochemical results
It follows from eqn. (1) that the temperature and pressure dependence of the MMCT energy (E op ) will be given by the temperature and pressure dependence of DG
• and k (eqns. (11) and (12)).
For symmetrical mixed valence systems, where DG • is necessarily zero, the temperature and pressure dependence of E op will be related simply to the pressure and temperature dependence of k. The temperature dependence of E op for the symmetric complex [(NC) 5 • induced by temperature and pressure (see Table 2 ), and it was concluded that the temperature and pressure dependence of k was negligible.
21,25,26,35, 41 However, in the present study, the agreement between these values is less satisfactory and the temperature and pressure dependence of k was examined as a possible explanation for this discrepancy.
The reorganisational energy consists of intrinsic and solvent components (k = k i + k o ). A theoretical estimate of the solvent component of the reorganization energy k o may be obtained from eqn. (13), derived from the dielectric continuum model, where the f (a,r) term is related to the size and shape of the complex and the charge transfer distance, D op is the optical dielectric constant (equal to the square of the refractive index (n 2 )) and D s is static dielectric constant.
There are numerous models for evaluating the function f (a,r), differing in the assumptions made for the geometry of the reactants.
5,42-49 All models suffer from the problem of assigning physically-meaningful values to the radii parameters. However, regardless of which model is chosen, the f (a,r) term is expected to be independent of pressure and temperature (since it is unlikely that the bond lengths will be affected by temperature or pressure in the range studied), and thus may be evaluated if k o is known (or calculated from eqn. (1)). The temperature and pressure dependence of k o can then be evaluated from eqns. (14) and (15) (which are the derivative forms of eqn. (13)), shown below.
As for the internal reorganisational energy, k i , it can be estimated by means of the harmonic oscillator model for the vibrational modes of the complex
where f i r and f i p are the stretching force constants of the ith metal ligand bond in the reactant and product, respectively, and Dd i is the change in the equilibrium bond length of the ith metalligand bond. The reorganisational energy will be dominated by the contribution from the cobalt centre, since it is known from crystallographic evidence that there are minimal bond length changes at the iron centre upon oxidation. 50 Molecular mechanics modelling of the mononuclear complexes 10 predicts cobalt-amine average bond length changes upon reduction of 0.16 Å for the trans complex and 0.18 Å for the cis complex. Substituting these values into eqn. (16) and Co II -N(amine), 52 respectively, the internal reorganisational energy is estimated to be 4300 and 5500 cm −1 for the trans and cis isomers, respectively. Taking into account total reorganisational energy for these systems (eqn. (1) (17)), accounting for the energy difference between the high-spin and low-spin configurations of the cobalt(II) centre (where DE isc is defined as E (l.s.) − E (h.s.) ). This is shown qualitatively by means of a potential energy diagram in Fig. 8 .
In principle, DE isc can be determined from spectroscopic data of the cobalt(II) complex. 44 However, due to the lability of the complexes in the reduced state, these data cannot be determined. However, we can at least obtain a qualitative estimate of the temperature and pressure dependence of DE isc from studies of spin-crossover systems. It is known from many studies on the temperature and pressure dependence of spin crossover processes 67 that higher temperature favours the high-spin state, whereas higher pressure favours the low-spin state due to the energy and volume changes involved during the change in spin state. These observations would lead to a positive value of ∂(DE isc )/∂T and a negative value of ∂(DE isc )/∂P. That is, opposite trends should be expected for the temperature and pressure dependence of the spin-state change in DG
• . If the positive ∂(DE isc )/∂T shift is much larger than ∂(DE isc )/∂P (as would be expected from the small contribution of pressure to inner-sphere reorganisation), 68 the differences mentioned in the previous section are easily explained. − and confirm the conclusions reached in that study that electrostriction is governed by the charge localised to the first coordination shell of the complex. 37 In particular, a common feature is the effective charge of 2− (Fe III ) and 3− (Fe II ) on the cyano-coordinated Fe centre, which implies that the bridging cyanide effectively donates one negative charge to the Co III subunit; a result corroborated by pressure dependence of the Co III/II couple. The pressure and temperature effects on the spectroscopy and electrochemistry of the complexes trans and cis- [L 14 CoNCFe(CN) 5 ] − show that the shift in E op is not fully accounted for by changes in DE
• , and hence the pressure and temperature dependence of k and DE isc can not be neglected. For both isomers, the difference in the potentials of the metal centres shows a greater sensitivity to temperature and pressure than does the energy of the MMCT transition. The application of current theory to studies of dinuclear mixed valence complexes containing d 6 -d 6 metal centres is complicated by the existence of multiple excited states. Evidently the high-and low-spin Co II MMCT excited states are affected to different extents by temperature and pressure. We are currently looking at theoretical aspects of the MMCT process by means of DFT calculations to better understand this problem.
